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Colloidal core/shell nanocrystals are key materials for optoelectronics, enabling 
control over essential properties via precise engineering of the shape, thickness, and 
crystal lattice structure of their shell. Here, we apply the growth protocol for CdS 
branched nanocrystals on CdSe nanoplatelet seeds and obtain bone-shaped 
heterostructures with a highly anisotropic shell. Surprisingly, the nanoplatelets withstand 
the high growth temperature of 350 °C and we obtain structures with a CdSe nanoplatelet 
core that is overcoated by a shell of cubic CdS, on top of which tetrahedral CdS structures 
with hexagonal lattice are formed. These complex core/shell nanocrystals show a band-
edge emission around 657 nm with a photoluminescence quantum yield of ca. 42 % in 
solution, which is also retained in thin films. Interestingly, the nanocrystals manifest 
simultaneous red and green emission, and the relatively long wavelength of the green 
emission indicates charge recombination at the cubic/hexagonal interface of the CdS 
shell. The nanocrystal films show amplified spontaneous emission, random lasing, and 
distributed feedback lasing when the material is deposited on suitable gratings. Our work 
stimulates the design and fabrication of more exotic core/shell heterostructures where 
charge carrier delocalization, dipole moment, and other optical and electrical properties 
can be engineered. 
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Colloidal nanocrystals (NCs) are highly attractive as optoelectronic materials for a wide 
range of applications.[1] Controlling their shape and size is paramount to tune their 
optoelectronic properties and to achieve high photoluminescence quantum yield (PLQY) along 
with narrow and tuneable emission.[2] Through different synthetic strategies there is now access 
to a large variety of structures, from single material quantum dots[3], nanorods[4] and 
nanoplatelets (NPLs)[2a, 5] to core/shell systems that provide increased stability and 
photoluminescence efficiency,[6] multifunctional particles that combine metallic and 
semiconductor portions,[7] and highly sophisticated morphologies, such as branched[8] and 
hollow NCs.[9] This wealth in structural and material design translates into a broad range of 
applications in light emission, energy conversion, catalysis, and medicine.[1b, 10] 
Core/shell nanocrystals are particularly advantageous for light emission, in particular those 
with a CdSe core that are epitaxially overgrown with a shell made of higher band-gap materials, 
such as ZnS and CdS. This is due to their efficient defect passivation,[6a, 11] the possibility to 
tailor wavefunction overlap and oscillator strength,[12] piezoelectric effects that stem from 
strain induced at the interface between the core and the shell,[13] and the possibility to control 
the self-assembly and polarization via an anisotropic nanocrystal architecture.[14] The choice of 
shell material allows to tailor the band alignment in the heterostructure from type I 
(CdSe/ZnS)[11a] to quasi type II (CdSe/CdS),[6a] and fully type II (CdSe/CdTe),[15] which 
enables to tune the wavefunction overlap and reduce Auger recombination.[16] Auger 
recombination could also be significantly decreased by employing alloyed shells,[17] thick 
(giant) shells,[18] and gradient shell growth.[19] 
Several successful strategies have been applied to fabricate anisotropic heterostructures 
from dot- and rod-shaped cores, leading to elongated and branched NC shapes, such as dot-in-
rods[14a, 20], rod-in-rods,[13, 20] tetrapods,[8, 21] and octapods.[22] Concerning colloidal NPLs as 
cores, which represent a particularly interesting class of colloidal emitters due to their sharp 
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emission line width and large oscillator strength, the synthesis of heterostructures with more 
elaborate shapes is still in its infancy.[5b, 23] The challenge for branched NC heterostructures 
with CdSe NPLs as core material resides in the high temperatures of the shell growth processes, 
which can cause structural damage to the NPLs.[24]  
In this work, we fabricate CdSe/CdS NCs by applying the protocol for the CdS shell growth 
of the octapod synthesis starting from CdSe NPLs seeds.[5f, 22] We obtain core/shell 
heterostructures with the NPLs as cores that are coated by a double CdS shell: a first layer, 
surrounding the whole NPL core, characterized by a cubic crystal structure (sphalerite-type), 
and an outer branched shell with a hexagonal crystal structure (wurtzite-type), composed of 
two tetrahedral-shaped protrusions. Despite this very complex architecture, that we name NPLs 
in tetrahedron dimers (NPL-i-TDs), our synthesis yields nearly monodisperse NCs whose 
shape resembles that of a bone. The NPL-i-TDs manifest emission in the deep red spectral 
region (at 660 nm) with a linewidth of around 30 nm, show a stable PLQY of 42 %, and an 
amplified spontaneous emission (ASE) threshold of 270 µJ/cm2. Furthermore, we observe a 
second emission peak at 544 nm under high pump fluence that originates from shell transitions. 
By combining our optical data with ultraviolet photoelectron spectroscopy (UPS) 
measurements, we draw a flat band diagram of these heterostructures that elucidates the origin 
of the red and green emission. Furthermore, the NPL-i-TDs show single mode lasing when 
deposited on distributed feedback resonators with a lasing threshold below 300 µJ/cm2, and 
random lasing from NPL-i-TD drop-cast films with a threshold around 50 µJ/cm2. 
Results 
The synthesis of CdSe NPLs is well established for NCs with 2-8 monolayer (ML) thickness 
that emit at defined wavelengths in the visible range.[2a, 5a, 5e] Additional control on the lateral 
size of the NPLs enables a fine tuning of the emission wavelength around these values.[5f] Here, 
we synthesized CdSe NPLs with 4.5 ML thickness, length of 30 ± 5 nm and width of 5 ± 1 nm, 
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following a synthetic protocol reported by our group.[5f] More details of the NPLs are provided 
in Figure S1, including representatives bright-field transmission electron microscopy (BF-
TEM) images and the X-ray diffraction (XRD) pattern, which shows their cubic crystal 
structure (sphalerite-type, see Figure S1d). The 4.5 ML thickness results in a strong 
quantization of the electronic states along the [001] direction, and leads to a sharp PL emission 
peak centred at 510 nm with a full width at half maximum (FWHM) of ca. 10 nm, and 
absorbance peaks located at 480 nm and 509 nm (see spectra in Figure S2), in agreement with 
previous reports.[5f] We used these NPLs as seeds in a second reaction where a CdS shell was 
grown at high temperature (350 °C), following our established protocol for branched NCs with 
minor modifications (see Experimental Section).[22] 
Interestingly, this synthesis approach produced monodispersed particles with an unusual 
anisotropic shape, as shown in the high-angle annular dark field-scanning TEM (HAADF-
STEM) image in Figure 1a and in the BF-TEM image in Figure S3a. The TEM projection of 
the NC shape features a reduction in width towards the centre, from ca. 20 nm (p) to 10 nm (w) 
as shown in detail for a single NPLs-i-TDs in Figure S3b, giving rise to bone-shaped particles. 
The length, l, of the synthesized NCs is 30 ± 3 nm, similar to those of the initial NPLs, which 
can be linked to the slower shell growth along the [100]CdSe direction (Figure S3b and Table 
S1) in the conditions used. The collected XRD patterns evidence a series of peaks that can be 
associated with cubic and hexagonal CdS polymorphs, while the signal of cubic CdSe seeds is 
not observed (Figure S3c). High-resolution TEM (HRTEM) analysis confirms the presence of 
a cubic CdS phase in the central region (red-framed panels in Figure 1b) of the heterostructures 
and the hexagonal crystal structure of the CdS pods (yellow-framed panels in Figure 1b). 
Assuming the cubic CdS shell grows epitaxially on the CdSe NPLs, the HRTEM-deduced 
relative orientation of the two structures (cubic and hexagonal CdS) is compatible with the 
epitaxial orientation reported for the CdSe(core)/CdS(pods) octapods,[22] i.e. CdSecub(111)// 
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CdScub(111)//CdShex(0001) and CdSecub[2-1-1]//CdScub[2-1-1]//CdShex [10-10] (see details in 
Fig. S4). The presence of the CdSe NPL cores cannot be demonstrated by HRTEM, but it can 
be identified in HAADF-STEM imaging (see Figure 1c) due to the sensitivity of the latter 
technique to atomic number (Z) contrast. In these images, the higher intensity in thin stripes 
along the main axis of the NCs (indicated with a green arrow in Figure 1c) can be associated 
to the NPLs seeds, due to the presence of the Se atoms with higher Z. More images that 
evidence the presence of the CdSe cores in such structures are provided in Figure S5. 
 
Figure 1. a, HAADF-STEM image of the NPL-i-TDs evidencing their monodispersity in shape 
and size. Scale bar: 50 nm. b, HRTEM analysis of the crystal structure of NPL-i-TDs: overall 
image of one particle, with corresponding zoom in the central region (red-framed panels) and 
in a pod (yellow-framed panels) followed by fast Fourier transforms (FFTs) demonstrating the 
cubic phase, compatible with CdS (ICSD 81925) and the hexagonal CdS (ICSD 154186), 
respectively. c, STEM-EDS compositional mapping of the distribution of Se, Cd, and S in a 
single particle, confirming the presence of Se from the cores in the brighter area in the centre 
of the NCs, while the rest of the structure is composed of CdS. Scale bars: 5 nm. 
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The qualitative indication provided by HAADF-STEM images on the location of CdSe 
cores in the heterostructures is confirmed by STEM-energy-dispersive X-ray spectroscopy 
(EDS) mapping (Figure 1c and S6), which shows that Se is localized in a thin region at the 
centre of the NCs, matching the thickness of the initial NPLs. The acquired information about 
the composition of the NPLs-i-TDs allows to outline their growth process as follows: when the 
CdSe NPLs are injected in the reaction mixtures, they serve as heterogeneous nucleation points 
for the epitaxial growth of the CdS shell. The lack of {111} facets in a NPL discourages the 
direct formation of an hexagonal CdS shell, and thus promoting the formation of first a cubic 
CdS shell. While this shell growth in thickness around the CdSe core, {111} facets might 
become available at the corners of the now CdSe core/cubic CdS shell structure, which provide 
suitable locations for the growth of a more stable hexagonal CdS shell that in a later stage 
crystallizes in pods, as it has been previously described by our group for CdSe/CdS branched 
NCs.[25] 
The complex geometry of the synthesized heterostructures has been derived by HAADF-
STEM tomography. Few chosen projections of a selected nanoparticle and the three-
dimensional reconstructed volume are shown in Figure 2, as well as in the Movies S1 and S2. 
This analysis allows to clearly reveal the presence of two tetrahedra protruding from the central 
platelet. The arrangement of the tips of the tetrahedra agrees with the faster growth of the 
hexagonal CdS shell along four of the <111> directions of the cubic CdS. In most particles, the 
two tetrahedra are aligned in the same direction (see Figure 2b,c), indicating the preferential 
growth along either the [0001] or [000-1] hexagonal CdS direction: the two directions cannot 
be distinguished unless a specific study of the polarity is done.[26] 
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Figure 2. a, Selection of HAADF-STEM images of a NPL-i-TD, extracted from a tilt-series. 
b, Isosurface visualization of the reconstructed volume of a single NPL-i-TD particle, as 
obtained by HAADF-STEM tomography. The isosurface has been manually coloured in order 
to evidence the different components of the particle: the two CdS tetrahedron-shaped regions 
(with hexagonal crystal structure, in yellow) develop from the CdSe NPL core, covered with a 
cubic CdS shell, coloured in red (with cubic crystal structure). Scale bars: 10 nm. c, Sketch of 
a NPL-i-TD NC highlighting the different parts of the synthesized heterostructures. 
In the synthesis of branched core/shell NCs accurate control over the injection temperature, 
concentration of seeds, and the use of CdCl2 in the reaction are paramount to gain control over 
the particle shape.[27] In the case of the NPLs-i-TDs, we have found that by varying the amount 
of seeds used in the reaction, we can tune the ratio of the core to shell material. A lower amount 
of seeds (2 nmol) leads to more developed tetrahedra in highly monodisperse samples (Figure 
S7) while a drastic reduction in the seed content (0.4 nmol) yields NCs with different shapes 
and multiple pods (see Figure S8). The presence of larger pods is reflected in the XRD patterns, 
with a stronger intensity of the diffraction peaks associated to hexagonal CdS (Figure S9). The 
increase in the intensity of Bragg peaks related to the hexagonal CdS phase in the XRD pattern 
is due to the increase in the volume of the tetrahedra when decreasing the amount of CdSe 
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seeds in the synthesis. This is a further confirmation of the hexagonal CdS crystal structure of 
the tetrahedra, assessed by HRTEM, which is in agreement with other branched Cd-
chalcogenides heterostructures.[8, 22, 28] Moreover, the volume of the CdS shell in the NPL-i-
TDs is much larger than that of the core, as demonstrated by TEM analysis (see Table S2). In 
particles synthesized by using 2 nmol of CdSe seeds, the volume of the CdSe core is 310 nm3, 
while that of the surrounding CdS shell with cubic lattice is roughly 1200 nm3, and the overall 
volume of the hexagonal lattice pods is around 1900 nm3. For a quasi-type-II heterostructure 
configuration, this provides a very large volume in which the electrons can be delocalized, 
while the holes should be confined in the CdSe core.  
For the optical characterisation we focus on the largest NPL-i-TDs obtained from 2 nmol 
seed concentration. First, we discuss their optical properties starting from the seeds. The CdSe 
NPLs manifest a strong quantum confinement, which leads to a band gap of 2.45 eV (first 
absorbance peak in Figure 3a), and in slightly Stokes-shifted green emission at 510 nm (2.43 
eV). The core/shell CdSe/CdS NPL-i-TDs show two absorbance peaks at 650 nm and 600 nm, 
and a marked increase at around 500 nm (Figure 3b) that is related to absorption from the CdS 
shell. Here, the double peak observed in the absorption spectrum from the CdSe cores in Figure 
3a is translated to the NPL-i-TDs, and therefore the two peaks in Figure 3b should also originate 
from transitions related to heavy and light/split-off hole levels in the CdSe core.[5e] The 
emission of the NPL-i-TDs is at 657 nm, and therefore strongly red-shifted by almost 150 nm 
with respect to the CdSe NPL seeds.  
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Figure 3. (a,b) Absorption and emission spectra of the CdSe NPL cores (a) and of the 
CdSe/CdS NPL-i-TDs (b) recorded in hexane and toluene, respectively. The inset in (b) shows 
a magnified view of the region around 2 eV in the absorption spectrum. (c) Imaginary part of 
the dielectric permittivity of a NPL-i-TDs film (full black line) and the oscillator strength of 
the damped oscillators (dashed lines), plotted together with the film emission under low  
(3.4 mW in red line) and high (4.8 mW in green line) excitation power. 
Such a large red-shift in the emission of NPLs induced by a thick CdS shell has already been 
reported for core/shell NPLs,[24] and it was attributed to electron delocalization. Differences in 
the volume of the anisotropic CdS shell (however remaining in the regime with at least 1.5 nm 
shell thickness) do lead to only minor shifts of the NPL-i-TD emission of about 2 nm (from 
659 nm to 657 nm; the FWHM increases from 28 nm to 33 nm with increasing tetrahedra size; 
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see Tables S2, S3 and Figure S10). The PLQY of the NPL-i-TDs in solution is around 42 %, 
and this value is retained for NPL-i-TD films. The absorption and emission spectra of a film of 
NPL-i-TDs are reported in Figure 3c. 
To assess the energy levels of the optical transitions we performed spectroscopic 
ellipsometry and measured the complex dielectric permittivity of the NPL-i-TD films. From 
the ellipsometrical parameters 𝜓 and Δ, a pseudo-dielectric function for the NC film can be 
obtained and fitted with a series of damped harmonic oscillators.[29] The complex dielectric 
permittivity can then be expressed as:  
        (1) 
Here E0,j is the central frequency (band-gap), βj the FWHM, αj the oscillator strength of the jth 
oscillator describing a particular energy transition, and E is the energy. We obtained good 
fitting with four oscillator terms, and the parameters associated to the four transitions are 
reported in Table 1. 
Table 1. Energy (E0), oscillator strength (a), and FWHM (b) of the four peaks in Figure 3c 
determined by spectroscopic ellipsometry. 
 E0 (eV) α β 
Peak 1 1.95 0.044 0.401 
Peak 2 2.10 0.028 0.221 
Peak 3 2.53 0.179 0.266 
Peak 4 2.73 0.326 0.388 
To consolidate the association of the oscillators to the optical transitions of the NPL-i-TDs, we 
compared the fitted peaks in Figure 3c with the experimental absorbance spectrum in Figure 
3b and found very good agreement. The emission of the NPL-i-TD films shows a single peak 
at low excitation fluence centred at 661 nm, which is slightly red-shifted with respect to the 
emission from solution in Figure 3b. Interestingly, we observe a second emission peak in the 
green, at 544 nm (2.28 eV), from the sample with the largest CdS pods (prepared by using 2.0 
nmol of CdSe seeds in the synthesis) under excitation at high pump fluence (>4.8 mW). 
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This behaviour is analysed in more detail in Figure 4, where the emission spectra at different 
pump power are plotted. The (red) PL peak at 1.88 eV first increases approximately linearly 
with pump power, and then its intensity saturates around 4 mW. At approximately the same 
pump power the second (green) peak, at 2.28 eV, appears and gains quickly in intensity. 
Consequently, the NPL-i-TDs film manifests dual emission with well separated emission peaks 
in the red and green part of the visible spectrum at excitation power higher than 4.8 mW. 
 
Figure 4. PL spectra of a drop-cast film of NPL-i-TDs excited with femtosecond pulsed laser 
at 400 nm at different excitation power. The inset shows the PL amplitude as a function of the 
excitation power for the peaks at 1.88 eV (red) and 2.28 eV (green). 
We could obtain further insight into the band structure of the core/shell NPL-i-TDs through 
ultraviolet photoelectron spectroscopy (UPS).[10b] Figure 5a shows the full UPS spectrum 
versus the binding energy, where the Fermi level is set at 0 eV. 
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Figure 5. a-c, Ultraviolet photoelectron spectrum recorded from the NPL-i-TDs sample that 
allows to identify the valence band and Fermi level energies with respect to vacuum. d, Flat 
band diagram of the NPL-i-TDs with CdSe core, and cubic and hexagonal CdS shell. The 
numbers give the energy differences in eV, and the dashed ellipses indicate the two emitting 
channels of the NPL-i-TDs. 
The low binding energy onset of 1.7 eV (Figure 5b) corresponds to the difference between 
the Fermi level and the top of valence band, while the signal onset at the high binding energy 
(low kinetic energy) side (Figure 5c) yields the energy difference from the Fermi level to the 
vacuum level. Combining these values with the information from the optical transitions 
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(hexagonal CdS band gap of 2.53 eV, emission at 1.88 eV and 2.28 eV) we sketch the band 
alignment of the core/shell heterostructure as depicted in Figure 5d. Here we assigned the low 
binding energy offset to the hexagonal CdS valence band. Furthermore, we assumed a quasi 
type-II charge distribution for the CdSe/CdS system, as reported in literature for CdSe cores 
with strong confinement.[30] For the cubic and hexagonal structure of CdS, we considered a 
conduction band offset of ca. 115 meV and valence band offset of ca 50 meV,31] which could 
in the NPL-i-TDs slightly deviate due to strain or confinement effects. Therefore, the band gap 
of the hexagonal CdS shell is slightly larger and is shifted upwards in energy with respect to 
the cubic one. The green emission that we observe from the NPL-i-TDs is at lower energy than 
that, for example, reported from CdSe/CdS dot-in-rods and tetrapods at high pump fluency.[32] 
Considering the band diagram in Figure 5d, it is plausible that this lower emission energy in 
the NPL-i-TDs results from the type-II offset between the cubic and hexagonal CdS phase. 
Such radiative recombination of the excitons in the shell at higher pump fluence occurs when 
the core recombination channel is saturated, which is corroborated by the fluence threshold for 
the observation of the green emission. Furthermore, we only observe the dual emission from 
the NPL-i-TD sample with the thickest shell (2 nmol seed concentration). 
Figure 6a shows the emission spectra of a drop-casted NPL-i-TDs film under femtosecond 
pulsed excitation (l = 400 nm) and increasing pump fluence. We observe an ASE band at the 
high-energy side of the PL peak, which indicates repulsive exciton interactions.[33 ] The ASE 
threshold is 270 µJ/cm2, which is significantly higher that what is obtained on CdSe core-
only[34] and on CdSe/CdS NPLs with a thin shell,[5c] but within one order of magnitude 
comparable to other CdSe/CdS core/shell structures.[18a, 23b, 32a, 33] While the complex shell 
morphology of the NPLs-i-TDs is not optimal for ASE and lasing, these structures provide a 
peculiar exciton delocalization, and therefore, they can be very appealing for applications 
where electron and holes should be localized in different portions of the nanocrystal volume.  
Commented [RK1]: Cite here Franz and Enders papers. 
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Figure 6. a, Emission recorded from a drop-casted film of NPL-i-TDs that manifest an ASE 
threshold of 270µJ/cm2. b, Distributed feedback (DFB) lasing from NPL-i-TDs drop-casted on 
a silica grating with a periodicity of d = 350 nm. A lasing peak at 1.93 eV is observed. c, 
Random lasing from a drop-casted NPL-i-TDs film on a planar substrate for two different pump 
fluences, ~450 µJ/cm2 (black) and ~350 µJ/cm2 (red). Here the fluctuating appearance of the 
lasing peaks is a characteristic signature of random lasing. The peak labelled with “A”, for 
example, appears only in the spectra recorded with higher fluence. The spectral range in which 
the random lasing peaks occur shifts to lower energy with increasing pump fluence. The dashed 
blue line indicates the energy of the lasing peak in the DFB geometry. The spectra were offset 
vertically for clarity. 
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The FWHM of the ASE peak increases with increasing pump fluence, with the peak broadening 
occurring on the high energy side. To test the lasing capabilities of our samples, we chose 
distributed feedback (DFB) resonators as a cavity since these are technologically highly 
appealing for solution processable materials. Here the lasing device can be simply fabricated 
by drop-casting the emitter solution on a silica substrate into which a suitable grating was 
etched, thus filling the structure with NCs. For a DFB the cavity mode is determined by the 
Bragg-Snell law:[35]  
𝑚	𝜆 = 2	𝑑	*𝑛,--. − sin2 Θ        (2) 
where d is the grating periodicity, neff is the effective refractive index of the emitting film, m is 
an integer, and Θ is the angle under which the emission is detected. We obtained lasing with a 
grating periodicity d = 350 nm under a detection angle of 5° with respect to the surface normal. 
Combining these parameters and setting m = 2 yields to an effective refractive index of 
neff = 1.83. This value is in excellent agreement with the one that we obtained by ellipsometry 
from NPL-i-TD films (neff = 1.86). 
Interestingly, drop-cast films of NPL-i-TDs on planar glass substrates also show random 
lasing, as demonstrated in Figure 6c and S11. Here a set of sharp peaks (with ca. 0.5 nm 
FWHM) in emission is observed that fluctuate with time, as evident in the two consecutive 
spectra for two different pump fluences reported in Figure 6c (in red and black, respectively). 
The statistical appearance of the lasing peaks is a characteristic feature of random lasing, as for 
example evident for the peak labelled ‘A’ that only appears in the second spectrum recorded at 
higher fluence. 
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Conclusions 
We showed that the seeded-growth protocol for fabricating branched nanocrystals, such as 
CdSe/CdS octapods, can be applied to highly anisotropic seeds, in particular to CdSe 
nanoplatelets with only few monolayers thickness. The resulting nanocrystals maintain the 
CdSe nanoplatelet core, and the overall length of the platelets, but manifest a double CdS shell 
composed of an inner part with cubic crystal structure and an outer one, made of two tetrahedra 
with hexagonal crystal structure. The shell increases in thickness towards the short edges of 
the nanoplatelets, forming overall bone-shaped nanocrystals. The thick shell leads to an 
excellent stabilization of the optical properties in thin films, and results in a type-II band 
alignment that favours shell-related transitions at high excitation fluence. The bone-shape 
CdSe/CdS core/shell heterostructures show high and stable PLQY for red emission from the 
band edge, and dual emission in the red and green spectral region under increased pump 
fluency, as well as ASE and lasing from thin films. Overcoating such structures with an 
additional ZnS shell could be a promising strategy to further increase their luminous efficiency. 
The design of complex shell morphologies that consist of different lattice geometries, and 
which manifest gradients in thickness, opens new perspectives for core/shell heterostructure 
materials. Different shell thickness morphologies could be employed to control the 
multiexciton distribution in such heterostructures, and could lead to dipole moments that 
depend on the exciton population and excitation fluence. 
  
 18 
 
Experimental Section 
Materials. Cadmium chloride (CdCl2, 99.99 %) and Octadecylphosphonic acid (ODPA, 97 %) 
were purchased from Sigma-Aldrich; cadmium oxide powder (CdO, 99.999 %), sulphur 
powder (S, 99 %), tri-n-octylphosphine oxide (TOPO, 99 %) and tri-n-octylphosphine (TOP, 
97 %) were purchased from Strem Chemicals; hexylphosphonic acid (HPA) was purchased 
from Polycarbon Industries. All chemicals were used as received and all the syntheses were 
carried out using a standard Schlenk line. 
Synthesis of CdSe/CdS NPL-i-TDs NCs. CdSe NPLs were synthesized according to a 
previously published procedure.[5f] In a three-neck flask 60 mg of CdO, 6 mg of CdCl2, 3 g of 
TOPO, 290 mg of ODPA, and 80 mg of HPA were degassed for 1h at 140°C under stirring. 
The solution was heated up to 350°C under N2 flow. When the solution became transparent (≈ 
270°C), 2.5 mL of anhydrous TOP were injected in the flask. Once the temperature reached 
350°C, the CdSe seeds (in hexane), 500 µl of TOP and 620 µL of S precursor (32 mg/ml 
solution in TOP) were quickly injected. The reaction was run for 10 minutes before quickly 
cooling it down to room temperature. When the temperature was below 100°C, 3 mL of 
anhydrous toluene was added to the resulting product. The particles were then washed twice 
via a solvent/antisolvent protocol with an anhydrous mixture of ethanol and methanol and re-
dispersed in toluene. The size and shape of the NPL-i-TDs were tuned using different amounts 
of CdSe seeds that were synthesized following a reported protocol.[5f] 
Structural, optical, and surface characterization. Bright-field transmission electron 
microscopy (BF-TEM) analyses were carried out on a JEM-1011 (JEOL, Tokyo-Japan) 
microscope, operated at 100 kV acceleration voltage and equipped with a tungsten thermionic 
electron source. HAADF-STEM images and tilted series (from −74° to +74°, in steps of 2° at 
high angles and 5° between −30° and +30°) were acquired using a FEI Tecnai G2 F20 TEM, 
operated at 200 kV. Fiducial-less alignment routine from IMOD[36] was used for alignment and 
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the volume was reconstructed by back projection using the Tomoj plugin of ImageJ.[37] UCSF 
Chimera software was used to perform the volume rendering.[38] High-resolution TEM 
(HRTEM) and STEM-EDS elemental composition analysis were carried out with an image-
Cs-corrected JEM-2200FS instrument (JEOL), equipped with a Bruker 60 mm2 XFlash 5060 
silicon drift detector. For elemental maps, the Kα peaks were used for S and Se, and the Lα 
peak was used for Cd. For all TEM analyses the samples were prepared by drop-casting (3-5 
drops, 5 µL each) onto ultrathin carbon-coated Cu grids, except for HRTEM analyses, which 
needed ultrathin-on-holey-carbon-coated Cu grids.  
Powder X-Ray Diffraction patterns were collected on a PANalytical Empyrean X-ray 
diffractometer equipped with a 1.8 kW CuKa ceramic X-ray tube, PIXcel3D 2x2 area detector 
and operating at 45 kV and 40 mA. The NC suspensions were drop-cast on a zero-diffraction 
Si substrate for XRD analysis.  
The absorption spectra of NPL-i-TDs were collected from toluene suspensions by using a 
Varian Cary 5000 ultraviolet–visible–near infrared (UV–vis–NIR) spectrophotometer. The PL 
spectra were recorded with a Horiba FluoroMax 4 spectrometer, exciting at 340 nm and 
filtering the emitted light with a low-pass filter at 370 nm. Edinburgh Instruments fluorescence 
spectrometer (FLS920) equipped with a calibrated integrating sphere and a Xenon lamp with 
monochromator was used to carry out the PLQY measurements of the NCs dispersed in 
toluene, exciting them at 450 nm. The ASE and laser emission was measured using a 
Ti:sapphire laser (Coherent Legend Elite seeded by a Ti:sapphire fs laser, λ = 405 nm, 70 fs 
pulse FWHM and repetition rate of 1 kHz) for excitation, and an Ocean Optics HR4000 
spectrometer coupled to an optical fiber for collection. The ASE measurements were performed 
by focusing the excitation beam with a cylindrical lens onto the sample, thus obtaining a stripe-
shaped beam profile, collecting at ∼90° with respect to the excitation beam. Laser emission 
was recorded with a spherical lens at ∼5° with respect to the excitation beam, using a long-
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pass filter (λcut-off = 450 nm) to prevent the laser beam from reaching the detector. The custom-
made DFB gratings on a silica substrate were purchased from NIL Technology. 
The spectroscopic ellipsometry characterization was performed with a Vertical Vase 
ellipsometer by Woollam, in the range from 300-900 nm. Spectroscopic analysis was done at 
three different angles (50°, 60° and 70°) with a step of 3 nm. The resolution of recorded spectra 
is 3 nm, and all spectra have been normalized to the intensity of the Xe lamp. ASE, random 
lasing, and PL under different pump fluency measurements were recorded from drop-casted 
films prepared by depositing 100 µl of a diluted suspension (200 µl of toluene were added to 
100 µl of the washed nanocrystal suspension) of nanocrystals into the different substrates of 
15 x 15 mm. 
Ultraviolet Photoelectron Spectroscopy (UPS) analysis was performed on drop-cast films 
(prepared by depositing 5 µl of the washed nanocrystal suspension into 30 nm Au-coated Si 
substrates of 5 mm x 5 mm) to estimate the position of the valence band maximum (VBM) and 
work function of the material under investigation. The measurements were carried out with a 
Kratos Axis UltraDLD spectrometer, using a He I (21.22 eV) discharge lamp, on an area of 
55 µm in diameter, at a pass energy of 5 eV and with a dwell time of 100 ms. The work function 
(that is, the position of the Fermi level with respect to the vacuum level) was measured from 
the threshold energy for the emission of secondary electrons during He I excitation. A −9.0 V 
bias was applied to the sample to precisely determine the low-kinetic-energy cutoff, as 
discussed by Helander and colleagues.[39] Then, the position of the VBM versus the vacuum 
level was estimated by measuring its distance from the Fermi level.[40] In an attempt to evidence 
the presence of allowing at the core/shell interface we collected a Raman spectrum from NPLs-
i-TDs deposited by drop-casting on Au-coated glass. A Renishaw micro-Raman equipped with 
a 50× (0.75 N.A.) objective with an excitation wavelength of 514 nm was used. The incident 
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power was kept below 1 mW to avoid damage of the samples during the measurement with 5 
min of accumulation to minimize the noise. 
[Further details of the crystal structure investigations may be obtained from the 
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Germany), on quoting 
the depository number ICSD-81925, ICSD-154186, ICDD 96-101-1055, ICDD 96-900-0109, 
and ICDD 98-018-6011].  
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